Reverse transcription of human immunodeficiency virus type-1 is primed by cellular tRNA Lys3 , which is selectively packaged into viral particles where it is bound at its 3′ terminus to a complementary sequence of viral RNA termed the primer binding site (PBS). Since cellular tRNA Lys3 is highly conserved, it might conceivably serve as a good target for novel antagonists to block reverse transcriptase (RT) activity. In this study, we have examined a number of antisense oligodeoxyribonucleotides (ODNs) that are complementary to different parts of the tRNA primer and, therefore, may interfere with the initiation of RTmediated DNA synthesis. We found that the stability of complexes between synthetic tRNA Lys3 and ODNs was significantly increased when binding occurred via sequences involved in tertiary interactions of the tRNA. In particular, ODNs with complementarity to both the variable and TΨC stem-loop of tRNA Lys3 bound with high affinity to both free tRNA Lys3 as well as to the binary tRNA Lys3 /RNA complex. As a result, the initiation of DNA synthesis was severely compromised under these conditions. Moreover, RT-associated RNase H activity recognized the tRNA within this ternary tRNA Lys3 /RNA/ODN complex as an RNA template and initiated its degradation. Both this RNase H degradation of tRNA Lys3 as well as the altered structure of the tRNA/RNA complex, due to the binding of the ODN, contributed to the inhibition of synthesis of viral DNA. The initiation of RT activity was almost completely blocked when using ODNs that interfered with intermolecular tRNA/RNA interactions that involved both the PBS and sequences outside the PBS. Similar findings were obtained with natural preparation of tRNA Lys3 .
INTRODUCTION
A key step in the life cycle of all retroviruses is the conversion of single-stranded genomic RNA into double-stranded DNA. This process, termed reverse transcription, requires the virusencoded reverse transcriptase (RT), a multifunctional enzyme that possesses DNA-and RNA-dependent polymerase activities, as well as a ribonuclease H (RNase H) activity that specifically degrades the viral RNA template (1) . As with other retroviruses, human immunodeficiency virus type-1 (HIV-1) recruits a cellular tRNA primer in order to initiate DNA synthesis (2) (3) (4) .
Due to its central role in HIV replication, HIV-1 RT is an important target for anti-retroviral drugs. Nucleoside analog RT-inhibitors such as 3′-azido-3′-dideoxythymidine (AZT) and 2′,3′-dideoxy-3′-thiacytidine (3TC), as well as non-nucleoside RT-inhibitors, such as nevirapine, are used in the treatment of HIV disease (5) . Although combinations of currently available drugs can often reduce viral burden to below the limit of detection (6) , these compounds cannot prevent the emergence of mutations in the RT or protease genes that confer drug resistance (7) . Therefore, an ongoing search exists for alternative strategies, that include gene therapy approaches based on antisense nucleic acids, decoy RNAs and ribozymes (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . To avoid the problem of viral mutability and resistance, the targets of such approaches should include highly conserved sequences. The HIV-1 specific initiation complex fulfills this criterion, since it involves interactions among viral genomic RNA and a cellular component, i.e. primer tRNA.
The tRNA Lys3 primer of reverse transcription is selectively packaged into HIV-1 virions, where it is found hybridized through 18 terminal nucleotides at its 3′ end to a complementary primer binding site (PBS) near the 5′ end of viral RNA (19, 20) . The RT enzyme recognizes this binary tRNA/RNA complex and initiation of reverse transcription ensues. In vitro studies have shown that the mature viral nucleocapsid protein as well as the Pr55 gag precursor can promote annealing between tRNA Lys3 and the PBS (21) (22) (23) . However, PBS complementarity is not the only factor that determines specific tRNA Lys3 primer usage. Enzymatic and chemical probing of the binary tRNA Lys3 /RNA complex have revealed the existence of viral RNA sequences outside the PBS that can make contact with the tRNA primer (24, 25) . For example, a 5′-USUU-3′ sequence in the anticodon loop of tRNA Lys3 may be able to interact with an A-rich loop in the U5 region of viral RNA, located~15 nt upstream of the PBS. The importance of this latter intermolecular loop-loop interaction is supported by results showing that mutated viruses with deletions in the A-rich loop are impaired in both synthesis of viral DNA and viral replication (26) . Other cellular tRNAs may also serve as replication primers, as long as the HIV genome is mutated to provide complementarity to the 3′ ends as well as to the anticodon loops of these tRNA species (27) (28) (29) (30) (31) (32) (33) . Thus, it seems likely that the PBS and adjacent sequences can form a structural environment that facilitates initiation of reverse transcription by tRNA Lys3 .
In this study, we have employed oligodeoxyribonucleotides (ODNs) that are complementary to tRNA Lys3 to aggravate formation of the specific binary tRNA/RNA complex as a strategy to inhibit synthesis of the first discrete DNA product of reverse transcription. This DNA fragment, termed minus strand strong-stop DNA [(-) strand ssDNA], remains attached to the tRNA primer, and is later transferred to the 3′ end of viral RNA to permit the completion of synthesis of (-) strand DNA (1, 4) . We have demonstrated in cell-free assays that efficient inhibition of initiation of reverse transcription requires ODNs that destabilize interactions between tRNA Lys3 and the PBS as well as the extended contact between primer tRNA and viral RNA.
MATERIALS AND METHODS

Nucleic acids and enzymes
All ODNs used in this study were chemically synthesized and purchased from Gibco BRL (Canada). These ODNs are complementary to different segments of human tRNA Lys3 , including the 3′ terminus, the TΨC stem-loop and the variable loop. Sequences of antisense ODNs used are listed below; numbering refers to base positions of the tRNA to which the ODN shows complementarity and position 76 represents the 3′ terminal residue of tRNA Lys3 (Fig. 1): ODN59-76, TGG CGC  CCG AAC AGG GAC; ODN41-58, TTG AAC CCT GGA  CCC TCA; ODN57-76, TGG CGC CCG AAC AGG GAC  TT; ODN55-76, TGG CGC CCG AAC AGG GAC TTG A;  ODN53-76, TGG CGC CCG AAC AGG GAC TTG AAC;  ODN47-76, TGG CGC CCG AAC AGG GAC TTG AAC  CCT GGA; ODN41-76, TGG CGC CCG AAC AGG GAC  TTG AAC CCT GGA CCC TCA. Natural tRNA Lys3 was prepared and purified from human placenta as previously described (34) . In addition, synthetic tRNA Lys3 was synthesized in vitro using the plasmid pT7hLys3 as template. This construct contains the 76-bp fragment that represents mature human tRNA Lys3 under control of the T7 RNA polymerase promotor. A FokI restriction site was introduced downstream of the tRNA gene to generate a DNA template that ensures run-off transcription of the tRNA with the correct 3′ CCA terminus (35) . In vitro transcription with T7 RNA polymerase was performed overnight at 37°C using 5 µg of the digested plasmid which was incubated in a total volume of 100 µl containing 40 mM Tris-HCl (pH 8.0), 25 mM MgCl 2 , 50 mM NaCl, 1 mM spermidine, 50 mM DTT, 4 mM NTPs (each), 200 U of T7 polymerase (MBI, Fermentas, Canada) and 20 U of the placental RNase inhibitor RNasin (Pharmacia, Canada). The tRNA reaction product was purified using 8% polyacrylamide gels that contained 7 M urea and 50 mM Tris-borate-EDTA (TBE), and was visualized under UV light, prior to elution from isolated gel slices using a solution of 0.5 M sodium acetate and 0.1% SDS. Radiolabeled tRNA was prepared using the same procedure, except that 4 mM UTP was replaced with a mixture of 50 µM UTP and 2.5 µCi/µl [α-32 P]UTP. An RNA template, containing the 5′ terminal sequence of genomic RNA, including the PBS, was prepared in similar fashion, after digestion of the plasmid pHIV-PBS with BssHII (38) . Heterodimeric HIV-1 RT (p66/p51) was prepared and purified as previously described (37) .
Band shift assays
The ability of different antisense ODNs to bind to tRNA Lys3 was analyzed under native conditions using 5% polyacrylamide gels. A constant amount of tRNA Lys3 (80 nM) was incubated with various concentrations of the ODN tested in a buffer containing 50 mM Tris-HCl (pH 7.8) and 50 mM NaCl. Reactions were allowed to proceed for 30 min at 37°C. To test the influence of divalent cations on affinity between tRNA and ODNs, this assay was also performed in the presence of 6 mM MgCl 2 . Products were analyzed on 5% polyacrylamide gels containing 50 mM TBE or, alternatively, 50 mM TB and 500 µM MgCl 2 to assay ODN-tRNA interactions in the presence of the divalent cations (Figs 2 and 3 ). Results were analyzed by molecular image analysis. The ability of ODNs to bind to tRNA Lys3 in the presence of the RNA template was analyzed using the same procedure (Fig. 4) .
Inhibition of synthesis of (-) strand ssDNA
We used a cell-free assay to study the effects of different ODNs on the efficiency of synthesis of (-) ssDNA. Reverse transcription when initiated from the PBS of the RNA template normally yields a DNA product of 178 nt that is joined to the 76 nt tRNA Lys3 primer (38) . The yield of this (-) ssDNA product is significantly increased when the tRNA primer is heat-annealed to the RNA template prior to initiation of DNA synthesis. This procedure ensures complete hybridization and was performed in a 10 µl reaction mixture containing 50 mM Tris-HCl (pH 7.8), 50 mM NaCl, 80 nM tRNA Lys3 and 160 nM template RNA. This mixture was incubated for 2 min at 95°C followed by 20 min at 70°C. Synthesis of (-) ssDNA was initiated by addition of 240 nM RT in the presence or absence of 400 nM ODN, also in the presence of 6 mM MgCl 2 and 200 µM dNTPs (each). Aliquots of 2 µl were removed at different time points, and reactions were terminated in 8 µl of a solution containing 80% formamide and 40 mM EDTA. As indicated in the figure legends, reactions were monitored using radiolabeled tRNA Lys3 or, alternatively, by including [α-32 P]dGTP in the reaction mixture. The latter method allowed us to study the inhibition of DNA synthesis in the presence of the different ODNs, and, as well, the usage of ODNs as primers for the reverse transcription of the tRNA. In contrast, usage of internally labeled tRNA Lys3 yielded information regarding the efficiency of RNase H-mediated degradation of the tRNA primer. Products were separated on 8% polyacrylamide-7 M urea gels and analyzed as described above.
RESULTS
The aim of this study was to identify ODNs that could bind efficiently to the tRNA Lys3 primer in order to antagonize reverse transcription. Two ODNs were specifically designed for this purpose. One of these, ODN59-76, is complementary to the 3′ end of tRNA Lys3 and a second, ODN41-58, is complementary to the TΨC-and the variable loop of tRNA (Fig. 1) . While the first ODN may aggravate interactions with the PBS, the latter may be required to destabilize intermolecular contacts outside the PBS. These ODNs were tested, both individually and in combination, for their ability to bind to tRNA Lys3 and to inhibit synthesis of (-) strand ssDNA.
Efficient binding to tRNA Lys3 requires ODN sequences that are complementary to tRNA Lys3 nucleotide sequences involved in tertiary interactions
To evaluate the affinities of ODN59-76 and ODN41-58 for tRNA Lys3 , we first performed band-shift experiments in which a constant amount of free, synthetic tRNA Lys3 (stRNA Lys3 ) was incubated at 37°C with increasing concentrations of ODN. The isolated tRNA and complexes consisting of both tRNA Lys3 and ODN were then separated on native gels. The results in Figure 2 show that ODN41-58 possessed a higher affinity for tRNA Lys3 than did ODN59-76 ( Fig. 2A and B) . A 2-fold molar excess of ODN41-58 over tRNA was required to obtain 50% complex formation, while the same level of band-shifting with ODN59-76 required an 8-fold excess. The simultaneous presence of both ODNs did not further improve the efficiency of complex formation between tRNA and the ODN complexes ( Fig. 2C  and D) .
These data suggest that destabilization of crucial tertiary structures within tRNA Lys3 is necessary to obtain a stable ODN/ tRNA complex under conditions that do not involve heatannealing of the various reaction components. As a consequence, we reasoned that factors that stabilize the L-shaped structure of tRNA, such as divalent cations, might inhibit binding of the ODN. Figure 3 shows that this was indeed the case and that formation of a stable tRNA/ODN complex was compromised by~3-fold in the presence of 6 mM Mg 2+ .
tRNA Lys3 bound to ODN is cleaved by RT-associated RNase H activity
To test whether ODN41-58 might also target tRNA Lys3 as a component of the binary tRNA/PBS complex, band-shift assays were performed in which this ODN was added to a mixture of tRNA Lys3 and an RNA template, containing the PBS (Materials and Methods). Figure 4 demonstrates the existence of a ternary tRNA/PBS/ODN complex that was formed under native conditions at 37°C (compare lanes 3 and 4) . Hence, under these circumstances, the initiation of DNA synthesis is expected to be severely compromised. Conceivably, binding between ODN41-58 and tRNA Lys3 might provoke structural changes within the tRNA/RNA complex that may aggravate this initiation process. In addition, the RT-associated RNase H domain may recognize the tRNA/ODN complex as an RNA/ DNA substrate and initiate degradation of the tRNA. This activity can be used in a functional assay to further elucidate the efficiency of binding of ODNs to tRNA Lys3 .
Therefore, RNase H degradation was analyzed in the presence of either ODN59-76 or ODN41-58 in time-course experiments. The ODN was added under native conditions to the pre-formed binary complex in which the tRNA was quantitatively hybridized with the RNA template (Materials and Methods). Heat-annealing of tRNA Lys3 and the RNA template was performed in the absence as well as in the presence of MgCl 2 to study the effects of divalent metal ions on the formation of the ternary tRNA/RNA/ODN complex. Figure 5 shows that ODN59-76 was unable to initiate RNase H degradation of tRNA Lys3 , under conditions in which the tRNA/RNA complex was pre-formed in the presence of Mg 2+ (Fig. 5A) . Cleavages with considerable efficiency were seen only when MgCl 2 was omitted from the pre-incubation mixture and when these divalent metal ions were added to start the reaction (Fig. 5B) . Thus, ODN59-76 can compete with the PBS of genomic RNA in the absence but not presence of Mg 2+ , suggesting that divalent cations stabilize the binary tRNA/RNA complex, and, in turn, diminish binding of ODN59-76. In contrast, ODN41-58 was able to efficiently initiate RNase H degradation of tRNA, regardless of whether MgCl 2 had been present during formation of the tRNA/RNA complex ( Fig. 5A and B) . Although the efficiency of initial RNase H cuts was lower as the tRNA/RNA complex was formed in the presence of Mg 2+ , it can be seen that tRNA Lys3 was almost completely degraded as reaction times were increased.
An ODN that is complementary to both the variable and TΨC stem-loops as well as the 3′ terminus of tRNA Lys3 can block initiation of DNA synthesis
We next tested whether an ODN with complementarity to the PBS might be combined with the properties of ODN41-58 to inhibit the initiation of viral DNA synthesis. These studies employed a series of ODNs that contained the same 5′ end as that found in ODN59-76 but with an increased number of residues at the 3′ end. Considering the above results, this extension at the 3′ end could be expected to facilitate the binding of ODNs to the tRNA primer. The longest ODN used, i.e. ODN41-76, is a combination of both ODN59-76 and ODN41-58. Time-course experiments show that ODNs of 18, 21, 24 and 27 residues were unable to block synthesis of (-) strand ssDNA in comparison with controls from which ODNs were omitted (Fig. 6A) . However, a set of bands of increased intensity, which corresponded to~75 nt, were seen as longer ODNs were added into the system. This shows that the HIV-1 RT recognized the 3′ end of the ODN and copied the tRNA primer. Moreover, the longer the ODN employed, the better was the binding to the tRNA primer and the more efficient was its use as a template. These data are in good agreement with the efficient RNase H degradation of the tRNA observed in the presence of ODN41-58 (Fig. 5B) . Concomitant with the reverse transcription of tRNA Lys3 , the efficiency of synthesis of (-) strand ssDNA was drastically decreased, particularly when using ODNs that possessed complementarity to 30 or 36 residues at the 3′ end of the tRNA primer. Moreover, longer ODNs further modulated this diminished initiation reaction and yielded shorter DNA products than normally formed. This is a consequence of RNase H cuts in the tRNA that now resulted in a full-length (-) strand ssDNA covalently attached to a truncated version of tRNA Lys3 .
Finally, we have tested the effectiveness of the best inhibitor, i.e. ODN41-76, using natural tRNA Lys3 as a primer. Biochemical data have suggested that post-transcriptionally modified residues may contribute to the stability of the tRNA structure (39) . Such increased stabilization could conceivably diminish complex formation between the natural tRNA and complementary ODNs, as compared to synthetic tRNA counterparts. Our results show that synthesis of (-) strand ssDNA, primed with natural human tRNA Lys3 , was strongly inhibited in the presence of ODN41-76 (Fig. 6B) . As described for reactions performed with the in vitro synthesized primer (Fig. 6A) , the presence of a truncated version of the strong stop product points to the likelihood that RNase H had cleaved the natural tRNA. However, in contrast to reactions primed with synthetic primer, we did not observe bands attributable to transcription of tRNA. Hence, it is possible that hypermodified residues in the anticodon loop of tRNA Lys3 may have caused premature termination of DNA synthesis. To test this hypothesis directly, we labelled ODN41-76 at its 5′ end and looked for extension products in the presence of both RT and the preformed binary tRNA/RNA complex (Fig. 6C) . Complete transcription of tRNA Lys3 using ODN41-76 was only seen with the synthetic molecule (Fig. 6C,  right) , consistent with the results of Figure 6A . In contrast, the natural tRNA Lys3 was specifically extended by only 3 nt (Fig. 6C, left, lanes 2-5) , indicating that the hypermodified adenine, located at position 37 of the anticodon loop, caused premature termination of tRNA transcription. Collectively, these assays demonstrate that ODN41-76 inhibits synthesis of (-) strand ssDNA by interfering with both the natural initiation complex as well as those involving synthetic primers.
DISCUSSION
The emergence of HIV variants that display resistance to antiretroviral drugs can limit the success of current therapeutic strategies (40) . Thus, there is a need to identify novel targets that involve highly conserved mechanisms and structures, that may not easily undergo genetic alteration. The initiation of reverse transcription is a specific process that is sensitive to structural changes that involve participating molecules, i.e. RT, genomic RNA in the region of the PBS and primer tRNA (26, (28) (29) (30) (31) (32) (33) 41, 42) . Both cell-free assays and tissue culture experiments have shown that the initiation of reverse transcription can be inhibited using antisense ODNs that bind to viral genomic RNA upstream of the PBS (14, 36) .
In this study, we have evaluated the possibility of directly targeting the primer tRNA, since this cellular component is unlikely to undergo genetic alteration. We have identified antisense ODNs that bind specifically to tRNA Lys3 and that are capable of inhibiting the initiation of (-) strand ssDNA synthesis in cell-free assays. Several factors must be considered to explain the observed diminution of viral DNA synthesis and to further evaluate the effectiveness of this approach in biological systems. First, our data show that the antisense ODN can bind to the free tRNA Lys3 primer as well as to tRNA that is complexed with genomic RNA. One cannot exclude that the first of these could result in toxic side effects (see below). However, the latter binding event is expected to induce changes in the structure of the binary tRNA/RNA complex and may, therefore, specifically inhibit the initiation of (-) strand ssDNA. Second, the three components, i.e. tRNA Lys3 , the RNA template and certain ODNs, can indeed form a stable ternary complex, provided that the ODN is complementary to the TΨC-and variable loops of the tRNA. Under these circumstances, the RT enzyme can recognize both the 3′ end of the primer tRNA as well as the 3′ end of the ODN. Competition between these recognition events additionally contributes to the inhibitory effect of these ODNs. Finally, interactions between the polymerase active site of RT and the 3′ terminus of ODN position the RNase H active site over the tRNA primer; consequently, the latter serves as a template strand and can undergo RNase H degradation.
The ODN that showed the strongest inhibitory effect in regard to DNA synthesis, i.e. ODN41-76, possesses complementarity to the 3′ end of tRNA as well as to its TΨC-and variable loops. Shorter ODNs that were truncated at their 3′ ends did not effectively block the initiation of DNA synthesis. These data suggest that effective ODNs must interfere with interactions between tRNA Lys3 and the PBS, as well as those occurring outside the PBS. In particular, ODNs that were too short to bind to the variable loop, which is implicated in extended intermolecular interactions (25) , did not inhibit (-) ssDNA synthesis (Fig. 7) . Moreover, ODNs that bound to the variable loop effectively initiated RNase H degradation of the tRNA primer. Another consequence of this RNase H activity is that the low amount of (-) ssDNA that was generated was no longer attached to full-length tRNA. This shortened DNA product, that contains a truncated version of tRNA Lys3 , could conceivably have an inhibitory effect on the first strand transfer event that follows synthesis of (-) ssDNA. Indeed, previous studies have shown that tRNA Lys3 facilitates this first strand transfer far more efficiently than a primer that contains only the first 18 nt of tRNA Lys3 (38, 43) . The effects seen with the various ODNs used in this study are summarized in the model shown in Figure 8 .
In summary, we have identified an ODN that effectively blocks the initiation of synthesis of HIV-1 (-) ssDNA, by targeting the primer tRNA in cell-free assays. Of course, targeting of tRNA Lys3 can interfere with cellular functions normally performed by this species and lead to cellular toxicity. However, it is possible that other tRNA Lys isoacceptors, e.g. tRNA Lys1,2,4,5 (44, 45) , may be able to replace tRNA Lys3 , since the regions that are targeted by the ODNs used in this study differ among these tRNA species.
In addition, one might take advantage of the fact that the structure of tRNA Lys3 in free form differs significantly from that which is bound to the RNA template (25, 46) . Despite earlier observations, that indicated a highly compact structure of the binary tRNA/RNA complex, our data make clear that antisense molecules can interfere with intermolecular interactions of the HIV-specific initiation complex. Inhibition of (-) strand DNA synthesis was seen regardless of whether reactions were initiated with in vitro synthesized tRNA Lys3 or with natural tRNA Lys3 . At the same time it should be stressed that these data do not necessarily imply that the structures of complexes containing synthetic tRNA Lys3 or the natural primer are identical. This is important, as structural and functional studies have indicated that post-transcriptional modifications of human tRNA Lys3 are required for extended intermolecular tRNA/RNA interactions, which, in turn, may facilitate initiation and subsequent elongation of reverse transcription (47, 48) . Considering the proposed compact structure of the binary complex, it may seem surprising that ODN41-76 can bind to tRNA Lys3 and inhibit DNA synthesis of (-) strand DNA. However, since reverse transcription of this natural tRNA was specifically terminated at the first modified residue, that would need to be bypassed by RT, this shows that the binding of ODN41-76 was highly specific. The mechanism of complex formation remains to be elucidated, and, it is conceivable that the presence of RT may help to facilitate binding. However, recent studies on the effects of nucleic acid structure on the formation of complexes between natural tRNA Phe and a library of ODNs point to the importance of a few single-stranded, and accessible, residues that help to nucleate the hybridization process (49) . The structural model of the tRNA/RNA complex predicts that such a single-stranded region is located directly upstream from the 3′ terminus of tRNA that binds to the PBS (25) .
Structural differences among free tRNA Lys3 and bound tRNA might be of considerable advantage, since putative toxic effects of antisense-based strategies may be limited when specifically targeting the tRNA that is bound to the RNA template. Such an approach may be superior to those that only target tRNA Lys3 in its free form (50) . Conceivably, an antisense molecule that is tethered to specific HIV packaging signals may permit colocalization with tRNA Lys3 , where it is bound to genomic RNA in the virion. Such an approach has been successful in the Moloney murine leukemia virus system, using a chimeric molecule that contained the Ψ-packaging signal as well as a ribozyme that specifically cleaved viral genomic RNA (51) . Moreover, ribozymes fused to tRNA Lys3 had been identified within HIV particles (18) . 
